Nitrogen plasmas are used for the formation of dielectric layer of MOSFETs such as silicon nitrides or oxynitrides, which enables higher dielectric constant and subsequently higher drain current of the TFT. The nitride growth mechanism of the nitride films is due to exposure of the wafer surface to the radical fluxes from the N 2 plasma. We investigate the effect of the rare gas dilution of N 2 plasma on nitrogen atom density using Vacuum Ultra-Violet Absorption Spectroscopy (VUV-AS).
Nitrogen plasmas are used for the formation of dielectric layer of MOSFETs such as silicon nitrides or oxynitrides, which enables higher dielectric constant and subsequently higher drain current of the TFT. The nitride growth mechanism of the nitride films is due to exposure of the wafer surface to the radical fluxes from the N 2 plasma. We investigate the effect of the rare gas dilution of N 2 plasma on nitrogen atom density using Vacuum Ultra-Violet Absorption Spectroscopy (VUV-AS).
The behavior of the ground state N( 4 S) density in Inductively Coupled Plasma (ICP) at 20 mTorr during rare gas dilution is shown in Fig.1 . The input Radio Frequency (50 MHz) power is kept at 60 W. N( 4 S) density is decreased with the dilution with He until the fraction of 50 %. The density is stable for 50 to 10 % of N 2 fraction due to the increase of high energy electrons in the plasma as shown on He(501.5 nm)/He signal in Fig.2 . Here, He emission intensity at 501.5 nm is divided with the He fraction in the gas, and the signal represents the high energy (ε>23.1 eV) electron density in the plasma. N( 4 S) density has a steep peak around 5 % of N 2 fraction showing 5 times higher density in comparison to that of 10 %. This is caused by the increase of high energy electrons in the plasma nearly doubled for the decrease of N 2 fraction from 10 to 5 %. We suppose the increase is also caused by the He metastable atoms that can dissociate N 2 into N( 4 S) or N( 2 D). In summary, as the plasma is changed from a pure N 2 plasma to a He diluted N 2 plasma, the ratio of the N atoms to N 2 + ions are increased due to the change of the dissociation path from the direct electron collision to rare-gas metastable induced dissociation. 
Member
Nitrogen atom densities in rare-gas diluted N 2 plasmas are diagnosed by using Vacuum Ultra Violet Absorption Spectroscopy (VUVAS). The influence of rare-gas dilution for low pressure (20 mTorr) inductively coupled plasma is that N atom density shows a peak around 3 % of N 2 fraction due to the increase of the high energy electrons. The N 2 ion density, another precursor for nitridation, did not show a peak even for the high rare-gas fraction. On the other hand, capacitively coupled plasma operated at 0.5 Torr range showed no steep increase of N atom density. The optical diagnostics shows that rare-gas dilution of N 2 plasma leads to the change of reactant flux ratio between neutral atoms and ions.
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Introduction
Nitrogen plasmas are used for the formation of dielectric layer of MOSFETs such as silicon nitrides or oxynitrides, which enables higher dielectric constant and subsequently higher drain current of the TFT. The nitride growth mechanism of the nitride films is due to exposure of the wafer surface to the radical fluxes from the N 2 plasma (1) . However, the relation of the radical species in the plasma and the grown film property is not well clarified. While metastable oxygen atoms in the rare-gas diluted oxygen plasmas can contribute to the higher growth rate and improved quality of SiO 2 thin films (2) , the effect of the rare-gas dilution of N 2 plasma to the radical species in the plasma is under consideration (3) (4) (5) (6) . We have found the rare-gas dilution of oxygen plasma can contribute to the higher density of the metastable O( 1 D) atoms in the plasma due to the higher electron density, the higher dissociation rate of O 2 , and higher Ar metastable atom density (7) . Under the assumption that the similar behaviour can be found for the case of rare-gas diluted N 2 plasmas, here we show the effect of the rare-gas dilution on the ground state nitrogen atom densities in the N 2 capacitively coupled plasma (CCP) and inductively coupled plasma (ICP). In this study, N 2 plasma at sub-Torr range of pressure is analyzed by CCP and ICP are maintained at pressures around a few tens of mTorr where the plasma is efficiently produced.
Experimental
Experimental setup of the VUVAS is described in Ref.8, but 10-turn coil of 3 cm of diameter is additionally attached to the side of the main reactor of 150 mm of diameter, as shown in Fig.1 , so that ICP is formed between two electrodes separated 3 cm for the comparison to the CCP in the same system. The main plasma reactor is located between the ICP light source and the VUV monochromator that are separated by the main reactor by LiF windows. The resonant emission of the N atoms in the ICP light source is absorbed by the ground state N atoms in the main plasma and counted by the photomultiplier after transmitted to the fluorescence of sodium salitylate in front. The measurement of the absorption spectroscopy is performed by turning on and off the light source ICP and the main plasma making 4 states of the combination of the two. Figure 2 shows the energy diagram of the transition line in consideration. Ground state N atom, N(3s 4 S o 3/2 ), is excited to N(3s 4 P o 1/2 ), N(3s 4 P o 3/2 ), and N(3s 4 P o 5/2 ) states by 120.07, 120.02, and 119.95 nm lines respectively, since the wavelength resolution of our monochromator is wider than the separation of the three lines. Then, in the stage of obtaining N(3s 4 S o 3/2 ) density, we assume the emission intensities of the three resonance emission follow the statistical weights of the N(3s 4 P) states that are 2, 6, and 4 respectively. N( 4 S) atom density is theoretically obtained from the absorption rate. The line shapes of the emission from the atoms in the ICP light source and of the absorption by the atoms in the main plasma are assumed to be Gaussian profile since both plasmas are The main ICP is formed between parallel plates in the plane that act as electrodes of CCP maintained for same low gas pressure and weakly ionized condition. This assumption requires a condition that the VUV emission is produced only by a direct electron collision excitation of a ground state N atom. The line profile of the emission and the absorption can be expressed with the temperature of the atoms in the ICP light source (T 2 ) and those in the main plasma (T 1 ). With the consideration of exponential attenuation of the emission in the main plasma, absorption rate can be expressed as (9) ,
where ω , k, L are standard frequency, absorption coefficient, and depth of the main plasma. ω is denoted as while R and M are gas constant and atomic weight. Nitrogen atom density (n N ) is related to the absorption coefficient k as following. 1) and (4), one can relate n N with A. Figure 3 shows the relation between n N and A for the absorption measurement at wavelength of 120 nm in our experimental arrangement. T 1 and T 2 are assumed to be 350 K based on the thermal equilibrium of N atoms with electrode surfaces. The temperature of the N atoms is in equilibrium with that of walls or electrodes because atoms are reflected by surfaces multiple times due to its low surface recombination coefficient. The temperature of the surfaces is measured by thermocouple after plasma is stabilized.
The property of the rare-gas diluted plasma, namely the electron density, electron temperature, and dissociation rate of N 2 should show strong dependence on the N 2 fraction in the gas. The dissociation of N 2 is mainly caused by the electron impact above 12 eV. The monitoring of the density of high energy electrons in the plasma can be performed by measuring the optical emission from the excited state, as far as the excited state is less influenced by the stepwise excitation of the metastable states and cascade transitions from the upper states. For N 2 /He plasma, the density of high energy electron (ε> 23.1 eV) is monitored using emission from He(3p 1 P o 1 ) to He(2s 1 S 0 ) at 501.56 nm. As the intensity of the emission depends on the He fraction in the gas, the intensity divided by the He fraction can represent the density of high energy electrons.
The change of the gas composition also changes the positive ion composition in the N 2 /He plasma. The relative density of ground state N 2 + ion can be monitored by the emission from the excited 
Results and Discussion

N( 4 S) Density in CCP
The diagnostics of CCP is to clarify the effect of rare gas dilution of N 2 plasma under the pressure range of sub-Torr. Figure 4 shows the N 2 fraction dependence of the ground state N( 4 S) density and dissociation rate of N 2 in Ar and He diluted N 2 CCP. The total gas pressure is 500 mTorr and the time-averaged RF input power is 30 W. For the improvement of the measurement of the N( 4 S) density, RF power of the CCP is pulse time-modulated and the duty ratio is set to 50%. N( 4 S) densities show almost the same trend for the rare-gas dilution by Ar and He. The highest N( 4 S) density is marked when the gas is pure N 2 in both cases and the density stays in 6～8 × 10 10 cm -3 range for N 2 fraction above 10 %. The density of N( 4 S) is determined by the power deposition to the electrons, N 2 dissociation, and the diffusion of N( 4 S) to the electrodes. The density of high energy electrons in the plasma is increased due to the rare-gas dilution because of reduced inelastic collisions to N 2 and then the dissociation rate is enhanced as shown in the dissociation rate in Fig.4(b) . The rare gas dilution also results in the higher diffusion coefficient of N( 4 S) especially for the case of He since the cross section of N( 4 S) to He is smaller than that to N 2 . Therefore, the increase of high energy electrons in the plasma is cancelled out and N( 4 S) density is not changed for the wide range of N 2 fraction (> 10%).
The increase of the dissociation rate below 10 % of N 2 fraction might be due to the collisional dissociation with rare-gas metastables. In our previous report on O 2 /Ar plasma (7) , the increase of Ar metastable induced dissociation of O 2 in highly Ar diluted O 2 plasma was shown. Production rate of rare-gas metastables can be increased for low N 2 fraction range due to the increase of high energy electrons in the plasma. The rare-gas metastable induced dissociation of N 2 might be important in addision to the electron collision induced dissociation.
N( 4 S) Density in ICP
The effect of rare gas dilution under low pressure condisions are investigated with ICP which enables high density plasma under low pressure conditions. CCP and ICP are different in many aspects of plasma generation mechanisms. Namely, electron heating in ICP is due to the induced field immersed to the bulk plasma and the field strength is relatively lower than the oscillating sheath field in CCP. Moreover, the space potential of ICP is much lower and temporally stable than CCP since the electrode potential is not actively oscillating.
The stable wall potential reduces the loss of high energy electrons in the plasma and successively leads to the higher production rate of active species in the plasma. Figure 5 shows the N 2 fraction dependence of ground state N( 4 S) density and dissociation rate of N 2 in He diluted N 2 ICP. Even for the total pressure of 20 mTorr N( 4 S) density is still at the same order of the CCP. The density is decreased with the dilution with He until the fraction of 50%. The density is stable for 50 to 10% of N 2 fraction due to the increase of high energy electrons in the plasma as shown on He(501.5 nm)/He signal in Fig.6 . Here, He emission intensity at 501.5 nm is divided with the He fraction in the gas, and the signal represents the high energy (ε>23.1 eV) electron density in the plasma. N( 4 S) density has a steep peak around 5% of N 2 fraction showing 5 times higher density in comparison to that of 10 %. This is partly caused by the increase of high energy electrons in the plasma. The high energy electron density is nearly doubled for the decrease of N 2 fraction from 10 to 5%. However, this is not sufficient to explain the acute increase of N( 4 S) density. We suppose the increase is also caused by the He metastable atoms that can dissociate N 2 into N( 4 S) or N( 2 D). The dissociation rate of N 2 is greatly increased due to He dilution and it reached to 0.6 % at N 2 fraction of 3 %. This corresponds to the peak of He(501.5 nm)/He signal. The increased high energy electrons in highly He diluted high density ICP can dissociate N 2 and also produce He metastable which effectively dissociate N 2 . Rare gas metastable atoms might support the dissociation of N 2 in highly rare gas diluted plasma. Fig.5 . However, N 2 + signal drops from 10 % linearly even for the increased high energy electrons. This might be due to the decrease of the plasma density caused by the increased electron diffusion flux. The increase of electron diffusion coefficient due to He dilution and the decrease of ionization rate is presumed. Although Sekine et al. (1) showed Ar dilution of N 2 ECR plasma caused an increase of N 2 + signal and it corresponds to the nitridation rate of a Si wafer, in our case, He dilution did not raise the N 2 + signal. This would be due to the decrease of the plasma density caused by the higher electron diffusion coefficient and higher ionization threshold in He. The trend of the plasma property change in rare-gas diluted ICP is summarized to be the change of the radical flux composition in terms of the nitridation source. As the plasma is changed from a pure N 2 plasma to a He diluted N 2 plasma, the ratio of the N atoms to N 2 + ions are increased. This might be due to the change of the dissociation path from the direct electron collision to rare-gas metastable induced dissociation. 
N2 + Density in ICP
Conclusion
Nitrogen atom densities in rare-gas diluted N 2 plasmas are diagnosed by using Vacuum Ultra Violet Absorption Spectroscopy. The influence of rare-gas dilution for inductively coupled plasma differs from capacitively coupled plasma at high rare-gas fraction conditions. In case of ICP at low pressure, N atom density shows a peak due to the increase of the high energy electron density. This is due to the higher electron density of ICP supported by the lower electron loss feature.
For both CCP and ICP, the influence of rare-gas metastable for dissociation of N 2 was speculated. Due to the rare-gas dilution, electrons cause excitation of rare-gas atoms more likely than direct dissociation of N 2 , and the collisional dissociation of N 2 via rare-gas metastable atoms may become an important production path of N atoms.
The N 2 ion density, another precursor for nitridation, did not show a peak even for the high rare-gas fraction. The N 2 ion density in case of He dilution is lowered presumably due to the higher electron diffusion coefficient and the increased high energy electron density did not contribute to the increase of the N 2 ion density.
In summary, the optical diagnostics showed that rare-gas dilution of N 2 plasma leads to the change of the reactant flux ratio between neutral atoms and ions. This feature should be applicable to the control of the nitrogen composition in the oxynitride film. 
